Single-walled carbon nanotubes (SWCNTs) were patterned using inkjet printing. To make the uniform networks of dropped SWCNTs, the effects of substrate heating, surface hydrophilicity of the substrate and the jetting process were investigated. Circuit diagrams including holes, lines and curves were printed on glass and polymer substrates, and the conductive lines were printed on a glass substrate to characterize their electrical properties by I -V curve and impedance measurements. Lines 75 mm long were printed along with the number of overwrites with 150 μm linewidth and width change with five overwrites. As for the results, we confirmed that the dc resistance of the SWCNT line was proportionally changed according to the linewidth and the number of overwrites, and the line feature possessed ohmic characteristics to 2 MHz even after two overwrites.
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Introduction
Carbon nanotubes (CNTs) are attractive nanoscale materials for various applications, such as electronic devices, cold cathode sources, composites, energy storage devices, sensors and actuators [1] [2] [3] [4] [5] [6] [7] . In particular, single-walled carbon nanotubes (SWCNTs) have excellent electrical conductivity [8] so that they can be used to fabricate transparent conductive film (TCF), which is able to satisfy the requirements of high conductivity and transparency with a cost efficiency comparable to ITO. In this regard, the flexible SWCNT TCF has the potential to be adopted in flexible displays [9] .
However, most methods of fabricating SWCNT TCF, such as vacuum filtering, laser printing, dip coating, spray coating and contact printing, require two fabrication steps to achieve the patterns [10] [11] [12] [13] [14] . The first is to fabricate the TCF over all the area of the substrate. The second is to make the pattern by chemical etching or pattern transfer. In contrast, the direct SWCNT printing approach has the merits of reducing the fabrication processes, saving the amount of material used and removing chemical exposure in the processes.
Inkjet printing is a popular method in the conventional printing industry due to fine and arbitrary pattern generation, non-contact injection, solution saving effects, high repeatability and scalability, all of which are advantageous to large area processes [15, 16] . In addition, inkjet printing of SWCNTs can readily control pattern thickness, linewidth and uniformity of the printed pattern. It has been recently reported that multi-walled carbon nanotubes (MWCNTs) were successfully printed using an inkjet printing method [17] . However, MWCNTs exhibit relatively low conductivity and low bandwidth in ohmic characteristics compared with SWCNTs, and seem to be much more difficult to use as an interconnecting material. To date, no studies have reported SWCNT-based inkjet patterning and its characterization as being suitable for conductive patterns.
Herein, we present a method for conductive SWCNT patterns by direct inkjet printing, which would modulate the line features and electrical characteristics of the patterns. 
Inkjet printing process

SWCNT ink
In our experiment, a single inkjet head (MicroJet Co.) equipped with a piezoelectric actuation module ejected SWCNT ink droplets onto a glass or a polymer substrate. Commercially available SWCNTs (Iljin nanotech, ASP-100F) synthesized by arc discharge were dispersed in dimethylformamide (DMF) solution. The solution containing the SWCNTs was centrifuged for 30 min to remove large particle residues, and then the supernatant was decanted for use in inkjet printing. The concentration of the ink was approximately 20 μg ml −1 . It was also important to prevent nozzle clogging during the ink jetting, which can be caused by flocculation of long SWCNTs in a solution. The solution is composed of moderately long SWCNTs, mostly with lengths shorter than 10 μm.
Effects of surface conditions and heating of the substrate
During the printing process, the jetting conditions should be carefully tuned to generate uniform and correctly directed ink droplets, since these would be affected by the viscosity and surface tension of the ink, jetting speed, particle size, substrate surface conditions, humidity, environmental temperature and so on. Otherwise, the ink droplet would be jetted in the wrong trajectory and produce a pig-tail droplet. Moreover, particles in the drop solution would be undesirably deposited on the surface. Therefore, in this paper, we discuss the surface conditions and heating of the substrate.
We investigated how substrate conditions affected printed drop morphologies. Glass substrates were prepared for two different surface treatments. Drops formed contact angles of 54
• and 11
• on bare glass and plasma-treated glass, respectively, as shown in figures 1(a) and (b). Plasma treatment was carried out in a cylindrical reactor connected to a rotary pump and a RF power source. When the base pressure was 2.0 × 10 −3 Torr, O 2 gas was introduced through the reactor chamber. The treatment of the glass substrate was carried out at 200 W and a pressure of 4.0 × 10 −1 Torr in O 2 gas for 2 min. The greater contact angle created smaller ink drops and the baseline diameter of the drop solution rapidly decreased during solution evaporation on the bare glass substrate. This caused partial flocculation of SWCNTs in the drop solution, resulting in non-uniform formation of SWCNT networks where the solution had been dropped ( figure 1(c) ). Use of hydrophilic plasma-treated glass contributed to reducing the drying time as well as an overall uniform evaporation of the dropped solution ( figure 1(d) ). It could be attributed to making uniform SWCNT networks over a dropped area. Figure 2 illustrates the formation of a network in accordance with substrate temperatures of printed SWCNTs. The substrate was thermally heated, since the drying time of the SWCNT solution is critical for the formation of uniform SWCNT networks. With respect to manufacturing, fast drying of the dropped ink is very desirable. On bare glass, the ink solution usually dried within 12 s at room temperature. Heating at 60
• C produced a significant reduction in time to less than 1.6 s. This drying time would be reduced by elevating the substrate temperature. However, too high a temperature made the air between the inkjet head and the substrate so hot that it would rapidly evaporate the droplet in the air during the jetting process. In our case, 60
• C was mostly suitable for producing stable jetting and deposition of SWCNTs on the surface.
In addition, when the solution slowly dried at room temperature, it produced a 'coffee ring' effect with SWCNTs densely deposited in both the center and periphery, as shown in figure 2(a) . This phenomenon was caused by faster drying at the periphery of the solution drop, and such repeated drying caused an uneven density distribution [18] . Therefore, a slow drying process caused two different dense regions at the middle and the periphery. In contrast, a short drying time resulted in a uniform distribution of the dropped SWCNTs, mainly because the dropped solution evaporated instantly on exposure to the air (see figure 2(b) ).
Effect of overwriting time
Unlike the ink solution with spherical particles, SWCNTs with high aspect ratio are desirable to be randomly aligned with crossed position like a network. It enables high conductivity with a smaller quantity of SWCNTs. If high transparency of the printed patterns is required, this network formation of SWCNTs was essential to produce high quality SWCNT TCF.
In order to observe how uniform networks of SWCNTs were formed, single and multiple droppings were performed on the same spot, as shown in figure 3 , and the printed features were observed by field emission-scanning electron microscopy (FE-SEM, FEI, Sirion). Figure 3 In the case of a single drop, the network of SWCNTs was not uniform over the dropped area. Some SWCNTs were not physically connected to neighboring SWCNTs. Even after two drops, the uniformity of the SWCNT network was greatly improved. All SWCNTs were connected to neighboring SWCNTs. However, the density of the networks was still not uniform over the whole area. After five and eight drops, shown in figures 3(c) and (d), it was observed that the networks were more densified, and the space area unoccupied by SWCNTs was rapidly reduced. It reduces the surface resistance as well as the transparency. It explains how the transparency and the resistance of the SWCNT film are changed due to the network formation of SWCNTs. 
Direct fabrication and characterization of inkjet patterns
The most promising feature of inkjet printing is the direct printing to make a pattern. Figure 4 (a) represents a circuit diagram composed of lines, curves and circles, which are directly printed onto glass. Also we printed this pattern on a glassy paper and a polymer (not shown here). It demonstrates that conductive and patterned printings of SWCNTs are available on various substrates. In addition, we can control the transparency and the resistance of the printed patterns. It is very significant for many electronic applications including transparent patterned electrodes and electronic devices. Figure 4 (b) is a printed image connected between the electrodes after the dot formation of Pt electrodes on glass by sputtering. The upper section of the image shows the one to eight times overwriting, starting from the outermost left, whereas the bottom section displays the five times overwriting for all lines, while increasing the width of the line by 75 μm at a time. Figure 5 illustrates the measurement results of the electrical properties of the lines fabricated in figure 4(a) in accordance with the number of overwritings and linewidth, respectively. The current-to-voltage curve of the printed lines was measured in a probe station (Cascade Special DC package), which included a precision multi-meter(Keithley 2400). The electrical resistivity (ρ) and thickness curve of the increase of the overwriting time were illustrated in figure 5(a) . As expected, repetitive printings on the line make a dense network formation of SWCNTs. The electrical resistivity was rapidly reduced with the increasing number of overwriting. A sharp increase in both thickness and conductivity (k = 1/ρ) was observed during the initial four times overwriting. The resistivity of the lines is likely sensitive to their uniformity, attributing to the high resistivity values due to poor SWCNT coverage on the substrate.
A decrease in resistance was also observed in accordance with the increase of the linewidth as shown in figure 5(b) . As the width increases from 170 to 1295 μm, its resistance was reduced from 191 to 5.7 k . Unlike the dimensional effect of the resistance, the resistance of the film was decreased five times more than the rate of increase of the linewidth. It was likely that overlapping printing in the contact area of each linewidth caused a rapid increase in the SWCNT networks. Consequently, the resistance of the line feature of SWCNTs was controllable by changing the linewidth, the number of overwritings and the overlapping area. Resistance deviation of the lines fabricated with the same conditions (overwriting time and line dimension) was less than 2%, which would be suitable for reproducible manufacturing.
Next, the impedance of SWCNT films was measured to identify the electrical properties of printed SWCNT lines. The results are demonstrated in figure 6 . An impedance analyzer (Agilent, 4294A) was used to perform measurements from 100 Hz to 30 MHz. It was observed that impedance was reduced from 517 to 7.4 k at 100 kHz as the number of overwritings increased from one to eight times. The impedance was linearly reduced along with the increase of the overwriting times. Considering the log coordinate of the left axis, the impedance along with overwriting was exponentially reduced. The ohmic conductance (θ ≈ 0
• ) was exhibited over a wide frequency range, increasing from hundreds of kilohertz to a few megahertz in accordance with overwriting times of SWCNTs. After even two overwritings, we could secure the ohmic characteristic to 1 MHz. Compared to the MWNT printing [17] , the bandwidth was tremendously wider. In general, MWNTs are about 10-30 nm in diameter and length less than 10 μm, while SWNTs used in this experiment were about 5 nm bundled diameter and 10 μm length. The flexibility in SWNTs likely plays a role of tight contact with each other and makes the network uniform. Consequently, those yield an improved conductivity compared to MWNTs. As for the length of SWNTs, the longer ones make fewer contacts between the ends of the line. It is likely that these contribute to the wide ohmic characteristics up to several megahertz in frequency. Vacancies in a network and backward current paths in the minor current loop which can be considered as reasons for the resonance peaks in impedance should be further investigated. It indicates that SWCNT printing is useful to make electronic devices which require ohmic characteristics in the high frequency region. In the high frequency region near 10 MHz, the magnitude and phase of the impedance were destabilized when a single overwriting was performed, but rapidly stabilized as the number of overwritings increased. This result indicates that the instability in the impedance may be created due to insufficient network formation. Although the instability of the impedance was highly reduced, the resonance peak over 10 MHz still remained after several overwritings. In order to figure out the reason, the resistance, capacitance and inductance of the lines were measured respectively. As a result, the inductance (L) and capacitance (C) elements are observed in the higher frequency region (not shown here). In these works, we could recognize the dominant contribution of L and C at the resonance point in the higher frequency region over 10 MHz. The charge transport phenomenon due to the capacitive and inductive components of SWCNT networks should be further investigated in the high frequency region.
Conclusion
The patterning of SWCNTs using an inkjet printing method is a simple and efficient process to be applied in a diverse range of engineering fields. In this study, we investigated printing conditions to make well-organized networks of SWCNTs. As a result, we found that the suitable substrate temperature was about 60
• C and hydrophilic treatment of the surface was very desirable. In addition, the interlaced printing significantly improved the uniform network formation of SWCNTs. To characterize the line pattern, we printed the lines in terms of linewidth and overwriting times and the measured I -V curve and impedance. As a result, we observed that the resistance was proportional to the overwriting time and linewidth. The line patterns of SWCNTs possess a wide bandwidth of several megahertz in ohmic characteristics, which would be useful for high frequency electronic devices. It was observed that the network formation of SWCNTs in line patterns played an important role in improving the conductance of the SWCNT line. The inkjet printing method of SWCNTs in this paper will help many scientists produce electronic devices in their lab as well as enable mass production of SWCNT devices for industrial purposes.
